Introduction
The kahalalides are a family of natural depsipeptides that were first isolated from the Hawaiian herbivorous marine sacoglossan mollusk Elysia rufescens (Plakobranchidae) and later from its green algal diet of Bryopsis pennata (Bryopsidaceae). 1-8 Kahalalide F (KF, a 1) is the largest and most biologically active cyclic peptide of the 13 natural peptides isolated from E. rufescens. Kahalalides are likely secondary metabolites synthesized by an associated microorganism or from the diet of the green algae B. pennata. 1 is a tridecapeptide with the molecular formula C 75 H 124 N 14 1 exhibits significant in vitro and in vivo antitumor activity in various solid tumor models, including colon (HT-29), breast (T-47D), non-small-cell lung (A-549), and prostate cancer (DU-145). The activity of 1 has been investigated in phase I clinical trials for androgen-refractory prostate cancer 11 and in phase II clinical studies with patients having liver cancer, non-smalllung cell cancer (NSCLC), and melanoma. 12 Recently, the results of the phase II clinical study of kahalalide F in patients with advanced NSCLC, hepatocarcinoma (HC), and advanced malignant melanoma (AMM) have been reported at the 31st European Society for Medical Oncology Congress (ESMO), revealing an excellent tolerability profile with no serious adverse events. 13 A positive response and stable disease were observed in a number of patients.
Lysosomes are intracellular targets of 1. Treatment of tumor cells with 1 resulted in larger vacuoles, and target cells became dramatically swollen because of changes in lysosomal membrane. 14 Further investigations consistently showed the loss of lysosomal integrity and the induction of cytoplasmic swelling and vacuolization in breast and prostate cancer cells. 15 More recent studies have suggested that inhibition of the HER/neu (ErbB) family signaling is a part of the mechanism of kahalalide F's action. 16 The cytotoxic activity of 1 against several tumor types significantly correlated with protein expression levels of the ErbB3 receptor. 17 This specific interaction has been described in a translational program that has confirmed a selective down-regulation of ErbB3 expression by 1 treatment. These findings suggest that ErbB3 may be a potential determinant for 1 sensitivity in patients. 18 Trastuzumab (145K amu protein), is a humanized monoclonal antibody that acts on the HER2/neu (ErbB2) receptors. Recently, trastuzumab was used in the treatment of HER2-positive metastatic breast cancer as an anticancer therapy. It is believed that in patients whose tumors overexpress HER2 receptors, trastuzumab can turn off HER2-HER2 homodimers. Unlike available marketed drugs for HER1 As a result, 1 and its anologues would be promising candidates for inhibition of HER3 receptors in tumor cells. The mechanism of action of 1 on fungi may involve targets similar to the human tumor cells.
Because of the limited availability of the natural product, data regarding structure-activity relationship (SAR) studies of 1 have not been reported in the literature and remain limited to the data generated from isolated natural products, as well as solidphase total synthesis reported for 1. 10, [20] [21] [22] In a continued investigation of biologically active marine natural products and their optimization using semisynthesis, we were particularly interested in structure-activity relationships of 1 analogues against opportunistic fungal infections of humans and plants. [23] [24] [25] In this study we focused our attention on the secondary alcohol of threonine and the primary amine of ornithine as the key functional groups for modification beginning with the natural product because they play a crucial role in the bioactivity of this class of compounds. 26 Additional semisynthetic modifications and biocatalytic studies will be evaluated in due course. 21 We evaluated the activity of the parent compound and its derivatives for antiprotozoal, antibacterial, and antifungal activity focusing on Fusarium spp. because of the challenge of treating these opportunistic infectious diseases. 27 Immunocompromised patients with invasive fungal infections have increased in recent decades because of a greater number of transplant patients, more aggressive anticancer chemotherapeutic regimens, and the emergence of AIDS. The therapeutic interventions for fungal infections are limited. The most commonly encountered etiologic agents of systemic fungal infections in immunocompromised patients are Candida spp., Aspergillus sp., Cryptococcus neoformans, Fusarium spp., and Trichosporon spp. 28 We focused our attention on the SAR of 1 against fungal infections caused by Fusarium spp. because there are a limited number of drugs active against these fungi. It is also noteworthy that peptides are a well established source of antibiotics including gramicidins, polymyxins, bacitracins, vancomycin, teicoplanin, and echinocandins. 29 However, among these only the echinocandin family is active against fungi and is a noncompetitive inhibitor of the synthesis of 1,3--D-glucan, a major component of the fungal cell wall. 30 Results and Discussion 1. Semisynthesis of Kahalalide F Analogues. For spectroscopic and biological comparison, we first converted 1 to kahalalide G (KG, 2) under mild basic conditions. This reaction also provided valuable information regarding stability of the lactone under basic conditions. Kahalalide F was hydrolyzed at the ester linkage using H 2 O-MeOH (2:1) in the presence of potassium carbonate at room temperature affording cleavage of the macrolactone to the target ring-opened product 2 (Scheme 1).
Our studies continued with the acetylation of kahalalide F. Ramirez et al. reported that the complete acetylation of a vast array of secondary and tertiary alcohols could be readily achieved by treatment with acetic anhydride and BF 3 ‚OEt 2 at room temperature for a just few seconds. 31 However, without control of the reaction time, the formation of an array of acetate species occurred.
Treatment of 1 free base with an excess 2:1 volumetric ratio of acetic anhydride to BF 3 .OEt 2 at room temperature after 5 min afforded KF monoacetate (3) with a 68% yield (Scheme 2). 13 C NMR spectrum and elimination of the CH-OH signal at 66.9 ppm from the 1 spectrum in 13 C NMR and DEPT 135°(distortionless enhancement by polarization transfer, 135°) spectra unambiguously revealed the oxidation of the secondary alcohol of threonine to a ketone group. Furthermore, the loss of the OH singlet and associated methine CH-OH in the 1 H NMR provides additional evidence for this transformation.
To gain a better understanding of the structure-activity relationships of 1, we extended the range of 1 derivatives by alkylating the primary amine group of the L-ornithine residue. Synthetic approaches were based on the stepwise reductive N-alkylation of the amino group to the corresponding monoalkylor dialkylamino-KF in the presence of a carboxaldehyde and hydride reducing agent. 33, 34 This stepwise one-pot procedure involves the initial formation of the intermediate carbinol amine, which dehydrates to form an imine. Subsequent in situ reduction of this imine produces the alkylated amine. The reductive alkylation of 1 with aldehydes was best performed under optimized conditions in which the parent molecule was exposed to 5 equiv of aldehyde in methanol for 30 min at room temperature prior to portionwise addition of 2 equiv of sodium triacetoxyborohydride [NaBH(OAc) 3 ] at the same conditions. The reaction time was varied from a few hours to a couple of days and gave the desired products in good yields; however, the formation of dialkylated amines in low yield was found to be a common side reaction (Scheme 3).
Attempts to accomplish a similar reductive alkylation reaction in the presence of 4-pyridinecarboxaldehyde resulted in a lower yield of 4-pyridinylmethylamino-KF (7) and bis(4-pyridinylmethyl)amino-KF (12) relative to other alkylamino derivatives. We were not able to isolate trace amounts of the dialkylamine moiety. Because of the basic nature of 4-pyridinecarboxaldehyde, the cyclic macrolactone appears to be attacked by this base to give an opened-ring species (13) (14) (15) , which are detectable only with LC-MS ( Figure 2 ).
In order to protect the parent molecule from further basic ring-opening reactions and formation of undesired byproducts, preliminary stirring of the reaction mixture was eliminated for the reductive alkylation of 1 using 4-pyridinecarboxaldehyde and morpholin-4-ylbenzaldehyde.
The structures of N-alkylated KF analogues were confirmed with spectroscopic ( 1 H NMR and DEPT 135°) and highresolution ESIMS techniques (Table 1 and Supporting Information).
To understand the kinetics and distribution of 1 by fluorescence microscopy, a coumarin-based fluorophore of 1 was prepared through an amidation reaction. 35 As shown in Scheme 4, the target fluorescent molecule was synthesized by treatment of DEAC-carboxylic acid and 1 in the presence of EDC and HBTU in DMF at room temperature for 1 h. In this reaction, the primary amine reacted with high chemo-and regioselectivity in the presence of the secondary alcohol and amides giving exclusively the desired DEAC-KF-amide (16) as an intense yellow solid in good yield. Table 2 ). These data revealed that introduction of a thienylmethyl substitute to the primary amine and acetylation of the secondary alcohol of kahalalide F alter the spectrum of antibacterial activity. Results revealed that modification of the primary amine with thienylmethyl led to improved activity against M. intracellulare compared to acetylation products.
Interestingly, 1 and its analogues exhibited significant activity against a fungus type yeast (C. albicans), dimorphic fungus (C. neoformans), and filamentous fungi (A. fumigatus and Fusarium spp.). The in vitro activity against fungi is shown in Table 2 .
Peptide 1 as well as several analogues such as, 3, 8, and 10 exhibited activity against C. albicans, C. neoformans, and A. fumigatus. Analogues 4, 5, 7, and 11 show selectivity against certain types of fungi. Analogue 4 was active against C. albicans and C. neoformans, while 7 inhibited C. albicans, C. neoformans and A. fumigatus. Products 5 and 11 were selective against C. neoformans. Kahalalide D, 2, and analogues 6 and 16 showed no activity in the antimicrobial assays and were not subjected to further evaluation. Vero cells at 4760 ng/mL showed no significant toxicity for 1 and its analogues.
2.B. Antiparasitic Activity. 1 and its analogues were subjected to evaluation against Plasmodium falciparum and Leishmania donoVani. 1 and analogues 8 and 10 were active against Leishmania donoVani with IC 50 and IC 90 values of 17-19 and 34-40 µg/mL. No compounds from this class showed significant antimalarial activity against P. falciparum D6 clone and W2 clone.
2.C. Bioactivity against
Mycobacterium tuberculosis. 1 and its analogues were evaluated against M. tuberculosis strain H37Rv. All compounds were evaluated at 16 µg/mL. The MIC was determined for compounds that showed greater than 90% inhibition (Table 3) . Analogues 3, 8, and 11 were more active than 1 and produced 91-94% inhibition, respectively, while the other analogues were determined to be inactive at 16 µg/ mL. Analogue 11 showed better potency than analogues 3 and 8 against M. tuberculosis. In addition, analogue 11 was less active against M. intracellulare, a relatively nonpathogenic model organism for genus Mycobacterium. This activity difference between analogue 11 and analogues 3 and 8 demonstrates a selectivity of analogue 11 against M. tuberculosis. Overall, the findings indicated that O-acetylation of secondary alcohol or N-alkylation of primary amine can significantly improve the activity and selectivity of the parent molecule to the target.
2.D. Bioactivity against Fusarium spp. Our interest in the activity of 1 and its analogues against Fusarium spp. is inspired by the fact that a limited number of antifungal agents are effective against Fusarium, and 1 possesses well established antifungal activity. In addition, there is a growing need to identify drugs to alleviate opportunistic fungal infections in immunocompromised patients who become susceptible to a variety of fungal infections caused by Fusarium spp. Two bioassay methods have been employed to examine the activity of 1 and its analogues against Fusarium spp.
2.D.1. Bioautography Assay. Two bioassay methods have been employed to examine the activity of 1 and its analogues against Fusarium spp. Bioautography was utilized as a prelimi- a NT ) not tested. Amphotericin B (a polyene antifungal drug) and ciprofloxacin (1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-1-ylquinoline-3-carboxylic acid) are used as positive antifungal and antibacterial controls, respectively. The IC50 is the concentration that affords 50% inhibition of growth. MIC (minimum inhibitory concentration) is the lowest test concentration that yields detectable growth. MFC/MBC (minimum fungicidal/bactericidal concentration) is the lowest test concentration that kills 100% of the organism. nary screen to detect the antifungal activity and was followed by a microtiter assay. 1 and its analogues were found to be active against F. proliferatum. Modification of structure does not appear to have an affect on the interaction to specific species of Fusarium (Supporting Information). This data shows that oxidation of the secondary alcohol to 4 broadens the spectrum of activity against Fusarium spp. and that all other 1 analogues are ineffective against F. solani and F. oxysporium (Supporting Information).
2.D.2. Microtiter Assay.
In contrast with bioautography data, the microtiter assay revealed that 1 and its analogues exhibit activity against F. oxysporium, F. proliferatum, and F. solani at the highest concentration tested (30 µM). Table 4 shows the percent inhibition of Fusarium spp. after treatment with compounds at three different concentrations for 48 and 72 h.
At the lowest concentration (0.3 µM) none of the compounds showed activity except for 4 after 48 h of exposure; however, the activity was lost after 72 h with the exception of azoxystrobin [methyl (E)-2-((6-(2-cyanophenoxy)-4-pyrimidinyl)oxy)-R-(methoxymethylene)benzeneacetate], which caused inhibition of F. oxysporum and F. solani.
At 3 µM, compound 5 showed 16% inhibition against F. solani after 48 h but no activity after 72 h. Analogue 8 inhibited all Fusarium spp. tested, with the highest activity against F. solani, which showed 47% inhibition after 48 h and decreased to 32.9% inhibition after 72 h. Amphotericin B and 1 showed 18% and 9.9% inhibition after 48 h, respectively. Analogue 4 showed inhibition against F. oxysporum and F. proliferatum. Analogue 5 revealed selectivity against F. solani after 48 h of exposure, but the activity was diminished at 72 h. All compounds showed no activity after 72 h at 3 µM with the exception of analogue 8 and azoxystrobin, which remained active against F. solani. proliferatum showed more than 90% inhibition except for 3 and azoxystrobin. Captan, 1, 5, 8, and 10 remained active against F. proliferatum after 72 h of exposure at 30 µM. Improved antifungal activity was observed for compound 3, which remained active after 72 h of exposure with an inhibition of 96.7%. All active compounds were observed to be more active than azoxystrobin. Figure 3 presents graphs of the growth response of F. oxysporium, F. proliferatum, and F. solani after 72 h of exposure to the compounds. Growth stimulation of fungi was observed at 0.3 and 3 µM, while inhibition was shown at 30 µM. Growth stimulation due to the presence of drug is a common phenomenon in antifungal therapy. This observation shows how antifungal therapy given in inappropriate doses will be a growth stimulator rather than inhibitor. More than 90% inhibition was observed in F. oxysporum and F. proliferatum in the presence of 1, 5, 7, 8, and 10 comparable to standards (amphotericin B and captan). All analogues except for 16 caused more than 90% inhibition of F. solani comparable to amphotericin B, while captan and azoxystrobin inhibited less than 50%.
2.D.3. Fungistatic and Fungicidal Activity.
The fungistatic and fungicidal effect of each analogue was examined at 30 µM after 72 h using a microtiter plate assay. The solution from each well was grown on an agar plate free of drug to observe the growth of fungus. The results are shown in Table 5 .
The results showed that the standard amphotericin B acts as a fungicidal agent against Fusarium spp. while captan and azoxystrobin are fungistatic. 1 analogues were fungicidal against F. solani, but 1 was consistently fungicidal against the three species of Fusarium tested. The analogues showed various fungicidal and fungistatic effects against F. oxysporium and F. proliferatum. From these data it suggests that modification of 1 appears to alter its mode of action against Fusarium spp. Unfortunately, modification of 1 with coumarin (16, our fluorescent probe) eliminated the antifungal activity. Our data indicated that analogues 7 and 8 show promising antifungal activity against Fusarium spp. with potency better than that of the gold standard (amphotericin B) for antifungal therapy (Table  4 and Figure 3) . Although the full therapeutic window of these 1 analogues has not been addressed, their activity highlights the potential for development of 1 for antifungal therapy.
2.D.4. Fluoresence and Microscopy Analysis.
In order to better understand the effect of 1 and its analogues against Fusarium spp., we investigated the mode of transport of the compound through the fungus. The fluorescence probe provided an excellent tool for tracking the compounds in the cell. We started by observing autofluorescence of the conidia; hyphae and mycelia resulted in no autofluorescence observation (Supporting Information). The fungus was grown in the presence of analogue 16 at 20 µg/mL. Although 16 showed no antifungal activity, it resulted in an interesting fluorescence image under fluorescence microscopy ( Figure 4) . The pictures generated under light and fluorescence microscopy showed the destruction and clear effect of labeled 1 against F. proliferatum after 3 days of exposure. Parts a and b of Figure 4 show a change of mycelia morphology and fungal cell lysis, while parts c and d of Figure  4 show split hyphae and leakage of mycelia. All these processes can be seen very clearly under a fluorescence microscope relative to light microscope.
2.E. Cytotoxicity. Four new analogues of 1 (5, 7, 8, and 16) were selected and evaluated for in vitro anticancer drug screening in a panel of 60 human cancer cell lines (the NCI-60) as a part of the Developmental Therapeutics Program at the National Cancer Institute (Supporting Information). These 1 analogues exhibited significant activity against selected cell lines, in particular NSCL, colon, ovarian, and breast cancers and especially prostate cancer (Table 6 ).
The total growth inhibition (TGI) of 1 and its analogues exhibited higher cytotoxic potency than paclitaxel against most of the human cell lines. In particular, 5 showed better activity than 1 against RPMI-8226, HCC-2998, HT29, SK-OV-3, ACHN, and PC3 cell lines. These findings revealed highly promising improvements associated with the modification of 1. Analogues 7, 8, and 16 showed better activity than 1 against NCI-H322M. Analogues 7 and 8 exhibited better potency than 1 against HCC-2998.
Analogue 5 demonstrates significant in vitro cytotoxicity against all human cancer cell lines in the panel, while amidation of 1 with coumarine (analogue 16) resulted in the loss of activity in most cases. Derivatization of primary amine with 4-fluorobenzyl led to better activity than either 4-pyridinylmethyl or 2-thienylmethyl moieties. Compounds 5, 7, and 8 were shown to be nonselective in the inhibition of human cancer cell lines, while 16 had improved selectively for certain types of cell lines (NCI-322M, HCT 15, KM 12, DU-145, T-47D).
Regarding the activity against NSCL, analogues 5, 7, and 8 caused 50% growth inhibition at 0.161, 0.189, and 0.166 µM, respectively, for A549 while analogue 16 provided an inhibition at higher concentration (GI 50 ) 13.189 µM). In contrast, analogue 16 showed activity against NCI-H322M with a GI 50 of 0.165 µM, comparable to analogue 8 (GI 50 ) 0.167 µM) and better than 5 (GI 50 ) 0.203 µM). These data indicated the selectivity of 16 against different types of NSCL cell lines. The same phenomenon was observed in the activity against prostate, breast, and colon cancer cell lines. Analogues 5, 7, and 8 showed potent in vitro cytotoxic activity against a panel of human prostate and breast cancer cell lines, with a GI 50 ranging from 0.112 µM (DU-145) to 0.427 µM (HS 578T). Analogue 16 exhibited activity against prostate cell line type DU-145 with a GI 50 of 0.330 µM and against breast cancer cell line type T-47D with a GI 50 of 0.518 µM.
In summary, this work represents the first solution-phase semisynthetic modification and lead-exploration study of 1. This is also the first optimization of 1 as an antifungal agent against filamentous fungi of the genus Fusarium. These limited lead exploration studies led to the discovery of new analogues of 1 with significant in vitro improvements against selected cancer cell lines and fungi compared to the parent molecule.
Experimental Section
General Experimental Procedures. The 1 H and 13 C NMR spectra were recorded in DMSO-d 6 and MeOD on a Bruker DRX NMR spectrometer operating at 400 MHz for 1 H and at 100 MHz for 13 C NMR. Chemical shift (δ) values are expressed in parts per million (ppm) and are referenced to the residual solvent signals of DMSO-d 6 and MeOD at δ H /δ C 2.50/39.5 and 3.31,4.78/49.1, respectively. UV and IR spectra were respectively obtained using a Perkin-Elmer Lambda 3B UV/vis spectrophotometer and an AATI Mattson Genesis series FTIR instrument. Optical rotations were measured with a JASCO DIP-310 digital polarimeter. The highresolution ESI-MS spectra were measured using a Bruker Daltonic (GmbH, Germany) micro-TOF series with electrospray ionization. TLC analysis was carried out on precoated silica gel G 254 aluminum plates.
Chemicals. Kahalalide F was prepared according to the previously reported methods with some modifications. 1 The animals (Elysia rufescens) were collected by snorkeling at low tide near Black Point, O'ahu, in Hawaii. The ethanolic extract of freezedried animals was subjected to flash column chromatography on silica gel (EtOAc/MeOH). Preparative HPLC using a Phenomenex 100 mm RP C8 column (250 mm × 100 mm) and a gradient MeCN (0.05% TFA)/H 2 O followed by further HPLC purification on an amino column (250 mm × 22 mm) using gradient EtOAc/MeOH afforded 1 as a white amorphous powder. All reagents and solvents were obtained from commercial vendors and were utilized without further purification.
Kahalalide G (2).
A solution of kahalalide F free base (30 mg, 20 µmol) and potassium carbonate (0.2 g) in H 2 O/MeOH (1:2) (10 mL) was stirred at room temperature for 8 h. The mixture was partitioned between CHCl 3 /IPA (2:1) and water. The organic layer was dried over Na 2 SO 4 , and the solvent was evaporated under reduced pressure. Reversed-phase HPLC using gradient MeCN (0.05% TFA)/water afforded 28.4 mg (95%) of 2 as a white powder. 2 
Monoacetylated-KF (3).
To a suspension of kahalalide F free base (30 mg, 20 µmol) in anhydrous dichloromethane (5 mL) were added acetic anhydride (0.4 mL) and boron trifluoride-diethyl etherate (0.2 mL) at room temperature under a nitrogen atmosphere. The mixture was stirred for 5 min, poured into a cool saturated NaHCO 3 solution (20 mL), and extracted with CHCl 3 /IPA (2:1) (2 × 10 mL). The combined organic layers were dried over Na 2 SO 4 , and the solvent was evaporated under reduced pressure. The purification was carried out with HPLC using a Phenomenex Luna RP C8 column (250 mm × 22 mm) eluted with a gradient water/ MeCN (0.05% TFA) to give 20.7 mg (68%) of 3. Oxo-KF (4). To a solution of Dess-Martin periodinane (22 mg, 48 µmol) in anhydrous acetonitrile (10 mL) was added kahalalide F (60 mg, 40 µmol) in one portion, and the mixture was stirred at room temperature for 1 h under nitrogen atmosphere. The reaction mixture was quenched with 10% Na 2 S 2 O 3 /saturated aqueous NaHCO 3 (v/v 1:1, 20 mL) and extracted with CHCl 3 /IPA (2:1) (2 × 20 mL). The combined organic layers were dried over Na 2 SO 4 , and the solvents were evaporated under reduced pressure. The residue was subjected to preparative HPLC using a Phenomenex Luna RP C8 column (250 mm × 22 mm) eluted with gradient water/MeCN (0.05% TFA) to afford 44.2 mg (75%) of pure oxidized compound 4 as a white powder. General Preparation of Compounds 5-11. To a solution of kahalalide F (29.5 mg, 20 µmol) and aldehyde in anhydrous methanol (5 mL) were added 3 Å molecular sieves (2 g), and the mixture was stirred for 30 min at room temperature under argon followed by portionwise addition of sodium triacetoxyborohydride (8.5 mg, 40 µmol) over a 20 min period. The reaction mixture was stirred for period of time described below, quenched with water (20 mL), and extracted with IPA/CHCl 3 (1:2) (2 × 10 mL). The combined organic layers were dried over anhydrous Na 2 SO 4 , and the solvent was removed under vacuum. The resulting residue was purified with preparative HPLC using a Phenomenex Luna RP C8of Mississippi. The isolates were isolated from orchid species by D. E. Wedge and identified by Dr. W. H. Elmer, Connecticut Agricultural Experiment Station. The cultures were stored on silica gel in the USDA-NPURU repository. The isolates were found to be pathogenic to orchid species. Fusarium spp. cultures were initiated on potato dextrose agar (PDA, Difco, Detroit, MI) from spores. Conidia were harvested from 7 day old culture by flooding plates with 10 mL of sterile distilled water and dislodging using an L-shape glass rod. Conidial suspensions were filtered through sterile Miracloth (Calbiochem-Novabiochem Corp., La Jolla, CA) to remove mycelia. Concentration of conidia was determined photometrically at 625 nm from a standard curve. The concentration of conidia was 3 × 10 5 conidia/mL. The conidia suspension was used for one-dimensional direct bioautography and other experiments.
Bioautography Assay. Each compound was dissolved in methanol at 1 mg/mL. An amount of 100 µL of compounds was spotted on a glass thin layer chromatography plate (TLC plate, silica gel GF, 250 µm, 10 cm × 20 cm, Uniplate, Analtech, Inc., Newark, DE) and allowed to dry. The initial concentration of each compound tested was 100 µg/mL. After drying, the plates were sprayed with spore suspensions of Fusarium spp. Conidial solution was prepared with potato dextrose broth 12 g/500 mL, 0.1% bacto agar, and 0.1% Tween-80 and contained 3 × 10 5 conidia/mL of each Fusarium spp. Plates were placed in a moisture chamber (Pioneer Plastic, Inc., Dixon, KY) and incubated for 3 days at 26°C. After incubation, plates were removed from the moisture chamber, dried at room temperature, and exhaustively sprayed with 0.25% MTT (3-(4,5-dimethylthiazl-2-yl)-2,5-diphenyltetrazolium bromide, Sigma) prepared in phosphate buffer. The plates were placed back into a moisture chamber and incubated at 26°C for 1 day and allowed to develop. The active compounds were visualized by clear zones of fungal growth inhibition on TLC plates with purple background. Amphotericin B, captan, benomyl, and azoxystrobin were used as positive controls to evaluate the activity of 1 and its analogues.
Microtiter Assay. 1 and its analogues were evaluated for a dose response effect against fungi using a 96-well microdilution broth assay (Nunc, Micro Well, Roskilde, Denmark) at 0.3, 3, and 30 µM against F. proliferatum, F. solani, and F. oxysporium according to the procedure published by Wedge et al. 36 Microtiter plates were covered with plastic lids and incubated in a growth chamber at 24 ( 1°C and 12 h photoperiod under 60 ( 5 µmol m -2 s -1 . Fungal growth was monitored photometrically by measuring absorbance at 620 nm at 24, 48, and 72 h. Mean absorbance values and standard error were used to evaluate fungal growth.
Fungicidal and Fungistatic Testing. The fungicidal or fungistatic assay was conducted to determine the action of each compound at 30 µM. After 72 h of incubation in a microtiter assay, 20 µL of solution of each well was cultured onto a 90 mm Petri plate containing 10 mL of potato dextrose agar free of 1 and its analogues. The plates were incubated at 28°C for 3 days. The fungicidal effect was defined if no fungal growth was observed on the subcultured plate free of compounds, and the fungistatic activity was defined if fungal growth was observed on the subcultured plate.
Fluoresence Assay. In order to observe the effect of 1 and its analogues on Fusarium spp., we tested our fluorescence probe against the fungi. In a 20 mL test tube containing potato dextrose broth and conidia of Fusarium spp. the fluorescence compound was added at 20 µg/mL. The culture was then incubated at 24 ( 1°C. The microscopic observation was initiated at 4, 8, 16 , and 24 h and continued at 48 and 72 h. Photomicrographs of hyphae or mycelia were taken with an Olympus BX-51 microscope equipped with epifluoresence. Pictures were taken at 400× and 1000× magnification.
Mycobacterium Tuberculosis Assay. In vitro evaluation of antimycobacterial activity was conducted with Mycobacterium tuberculosis H37Rv ATCC 27294 in BACTEC 12B medium using microplate Alamar blue assay (MABA). Primary screening is evaluated at 16 µg/mL. Compounds that showed inhibition less than 90% were not tested further. Compounds that show inhibition of greater than 90% are retested at a lower concentration to determine the MIC values. 37 
